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Little is currently known regarding the specific interactions that govern transmission of plant viruses by their vectors.
A cucumber necrosis virus (CNV) variant (LL5) deficient in fungal transmissibility has been isolated from mechanically
passaged CNV and characterized. Although LL5 accumulates to wild-type (WT) levels, is capable of rapid systemic
infection, and produces stable, highly infectious particles, it is only inefficiently transmitted by Olpidium bornovanus
zoospores. The LL5 coat protein (CP) gene was amplified by RT-PCR and cloned in place of the WT CNV CP gene in an
infectious CNV cDNA clone. Particles derived from this construct also failed to be efficiently transmitted. The LL5 CP
gene was sequenced and found to contain two amino acid substitutions relative to WT CNV CP. One substitution (Phe
to Cys) occurred in the arm region and another (Glu to Lys) in the shell domain. These amino acid changes were separately
introduced into the WT CNV genome through in vitro mutagenesis and it was found that the Glu to Lys change in the
LL5 CP shell domain is largely responsible for the loss of transmissibility. In vitro binding assays were developed to
determine if the defect in transmissibility was due to a defect in binding zoospores. LL5 particles were found to bind
less efficiently than WT CNV. Furthermore, the nontransmissible tomato bushy stunt virus did not detectably bind zoo-
spores. These binding studies suggest that the specificity of CNV transmission by O. bornovanus occurs through specific
recognition of a putative zoospore receptor. q 1997 Academic Press
INTRODUCTION as potyviruses and cauliflower mosaic virus, encode ad-
ditional non-virion-associated ‘‘helper factors’’ which aid
Effective dissemination of plant viruses in nature often
in aphid transmission probably by bridging an interaction
involves specific invertebrate or fungal vectors. Although
between the virion and specific sites in the food canal
a considerable amount of information is available regard-
(see Pirone and Blanc, 1996; Gray, 1996). Recently, it
ing biological aspects of vector-mediated transmission,
has been suggested that tobraviruses may also encode
relatively little information is available about virus–vector
helper factors which influence the efficiency of nematode
interactions at the molecular level. The involvement of
transmission (MacFarlane and Brown, 1995).
the coat protein (CP) in transmission is well-established
Cucumber necrosis virus (CNV) is one of several mem-
(for reviews, see Campbell, 1996; Gray, 1996; Pirone and
bers of the family Tombusviridae known to be fungally
Blanc, 1996). In potyviruses, aphid transmissibility re-
transmitted (Campbell, 1996). CNV is a 30-nm icosahe-
quires a specific sequence (DAG) in the exposed n-termi- dral virus containing a monopartite, positive-sense RNA
nal region of the capsid (Atreya et al., 1990, 1991, 1995; genome. CNV is transmitted to cucumber through the soil
Gal-on et al., 1992). A similar sequence is also required via zoospores of the chytrid fungus Olpidium bornovanus
for aphid transmission of potato aucuba mosaic virus (Sahtiyanci) Karling [ O. radicale Schwartz and Cook
(Baulcombe et al., 1993). The readthrough portion of the fide Lange and Insunza; O. cucurbitacearum Barr and
CPs of bymoviruses, some furoviruses, and several lu- Dias] (Dias, 1970; Campbell and Sim, 1994; Campbell et
teoviruses have been implicated in vector transmission al., 1995). Zoospores and virus are released indepen-
(Tamada and Kosume, 1991; Shirako and Brakke, 1984; dently into the soil from infected roots. CNV particles are
Shirako and Wilson, 1993; Jolly and Mayo, 1994; Brault then thought to adhere to the zoospore plasmalemma
et al., 1995; Dessens and Meyer, 1995; Jacobi et al., 1995; (Temmink et al., 1970) and enter plant roots following
Chay et al., 1996). In beet necrotic yellow vein virus, a zoospore encystment in root cells. Reciprocal exchange
KTER motif in the CP readthrough domain has been of the CP gene of CNV and that of a nontransmissible
shown to be important for efficient transmission by Poly- tombusvirus, the cherry strain of tomato bushy stunt virus
myxae betae (Tamada et al., 1996). Certain viruses, such (TBSV-Ch), have demonstrated that the CNV CP contains
the determinants for the specificity of fungus transmis-
sion (McLean et al., 1994).1 To whom correspondence and reprint requests should be ad-
dressed. fax: (250) 494-0755. e-mail: rochon@pargva.agr.ca. The CNV particle consists of 180 identical 41-kDa CP
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subunits arranged as a T  3 icosahedron. By analogy purified virus or leaf extracts [obtained by grinding one
N. clevelandii leaf (approximately 200 mg) in 50 mM gly-to the TBSV CP, whose X-ray crystal structure has been
determined (Harrison, 1983), the CNV CP is thought to cine–NaOH, pH 7.6] were added to zoospores of the
SS196 strain of O. bornovanus (104 zoospores/ml in 50contain three major structural domains: an inward facing
RNA-binding (R) domain, a tightly packed shell (S), and mM glycine–NaOH, pH 7.6) or buffer alone to a final
volume of 10 ml. After a 15-min acquisition period, thisan outward facing protruding (P) domain . The R and S
domains are connected by an arm (a) and the S and P suspension was poured into pots containing 13- to 16-
day-old cucumber seedlings. Six days later, inoculateddomains are joined by a short hinge (h). As in TBSV, the
individual coat protein domains of CNV are encoded in cucumber roots were assayed for the presence of virus
by DAS-ELISA using polyclonal antisera raised to CNVa linear fashion in the viral genome (see Fig. 1). Previous
work has shown that the CNV coat protein is not required particles (McLean et al., 1994).
for cell-to-cell or systemic movement (McLean et al.,
Virus purification1993). In addition, we have shown that the CNV protrud-
ing domain is essential for particle assembly and/or sta-
A miniprep procedure was employed to partially purify
bility (Sit et al., 1995).
virions from infected N. clevelandii leaves. One leaf (ap-
Long-term mechanical passage of plant viruses fre-
proximately 200 mg) was ground in liquid nitrogen and
quently results in the loss of vector transmissibility (see
added to 1 ml 0.1 M sodium acetate, pH 5.0/5 mM 2-
Campbell, 1996; Gray, 1996). We are interested in
mercaptoethanol in a 1.5-ml microfuge tube. The mixture
determining the specific amino acid sequences or struc-
was allowed to sit on ice for 10 min and then centrifuged
tural features of the CNV CP involved in fungus transmis-
at 16,000 g for 10 min at 47. Polyethylene glycol (MW 
sion. Toward this end, we have characterized trans-
8000; Sigma) was then added to the supernatant to a
mission-defective mutants present in mechanically pas-
final concentration of 8% and the samples were incu-
saged CNV. Several CNV variants deficient in transmis-
bated with gentle shaking for 30 min. at 47. Virus was
sion were identified. One variant, LL5, was analyzed in
pelleted by centrifugation at 16,000 g for 15 min at 47.
detail and it was found that a single Glu to Lys change
Pellets were resuspended in 50 ml cold, sterile deionized
in the coat protein shell domain is responsible for the
water. The concentration of virus was determined by
reduced transmissibility. Furthermore, in vitro binding
electrophoresis of several dilutions through a 1% agarose
assays were developed and it was found that the loss
gel buffered in 10 mM Tris/75 mM glycine, pH 8.0 (Hea-
of transmissibility is at least partially due to inefficient
ton, 1992) followed by staining in ethidium bromide. CsCl-
zoospore binding.
purified TBSV or CNV was used as a concentration stan-
dard. For some experiments, virus concentration was ver-
MATERIALS AND METHODS ified by SDS–PAGE of purified particles (Laemmli, 1970).
For some experiments, virions were purified using a CsClIsolation of transmission-deficient CNV variants
procedure (Rochon et al., 1994) with the exception that
CNV was mechanically passaged 13 times through virions were dialyzed against 1 or 10 mM NaAc, pH 5.0.
the systemic host, Nicotiana clevelandii, beginning with Virus concentration was then determined spectrophoto-
infectious transcripts of the wild-type CNV cDNA clone metrically.
pK2/M5 (hereafter referred to as WT CNV RNA; Rochon
and Johnston, 1991). In addition, our laboratory stock of RT-PCR and cloning of the LL5 coat protein gene
CNV, which has been maintained for several years by
LL5 virion RNA was extracted from particles using phe-mechanical passage, was used. Infected N. clevelandii
nol/chloroform as described (Rochon and Johnston,leaves from the thirteenth passage were then used to
1991). Double-stranded cDNA copies of the CP codinginoculate the local lesion host, Chenopodium quinoa. In-
region of LL5 were obtained by using the reverse tran-dividual local lesions from this host were isolated and
scriptase/polymerase chain reaction (RT-PCR; Sambrookthen further ‘‘purified’’ by a second passage in C. quinoa.
et al., 1989). The plus sense primer (CNV oligo No. 30;Local lesions from this plant were used to inoculate N.
5*ACGTGAATTCGTGACCCCTGAGGCAA3*) correspondsclevelandii to increase the amount of virus. Leaf extracts
to CNV nucleotides 2447 to 2462 and lies 181 nucleotidesor purified virus from N. clevelandii were used in fungus
upstream of the coat protein ORF (it also includes a non-transmission assays.
coded EcoRI site at its 5* terminus). The minus sense
primer (CNV oligo No. 24; 5*GGGAGTAATGGTACC-Fungus transmission assay
TCC3*) corresponds to the complement of CNV nucleo-
tides 3901 to 3918 and lies 148 nucleotides downstreamEither leaf extracts or purified virions were tested for in
vitro acquisition and transmission to cucumber seedlings of the CP ORF. The LL5 CP RT-PCR product was ligated
into pT7 Blue (Novagen). DNA from this clone was di-essentially as described previously (Campbell et al.,
1991, 1995; McLean et al., 1994). Specified amounts of gested with Bsu36I and NcoI, which cut at unique sites
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TABLE 1flanking the CP ORF. The 1.4-kb fragment was ligated
into similarly digested pK2/M5 (a full-length CNV cDNA Properties of Some Nontransmissible CNV Mutants
clone; see Rochon and Johnston, 1991) to produce pM5/
Virus / Fungusa Symptomsb Particlesc GenotypedLL5. The sequence of the entire transferred region of
the LL5 CP gene was determined by the dideoxy chain
WT CNV 100 Wild type / Wild typetermination procedure (Sanger et al., 1977).
LL2 0 Delayed 0 Mutated CP gene
LL5 9 Wild type / Mutated CP gene
In vitro transcription and inoculation of plants LLA1 0 Attenutated / DI RNA
LLA16 0 Delayed ND Deleted CP geneT7 RNA polymerase run-off transcripts and inoculation
of plants were as described previously (Rochon and a Average number of local lesions per leaf in bioassay on C. quinoa
Johnston, 1991). following fungus transmission.
b Symptoms were monitored 4–21 dpi. In LL2 and LLA16 symptoms
were delayed 7 days beyond that of WT virus.In vitro mutagenesis
c Presence of particles were determined by examination of leaf ex-
In vitro mutagenesis was used to produce the CNV tracts by electron microscopy (see McLean et al., 1994) or by agarose
gel electrophoresis following ‘‘mini-prep’’ purification from a single in-CP mutants LL5S and LL5a , which, respectively, contain
fected leaf (see Materials and Methods). ND indicates not determined.the single nucleotide substitutions found in the S and
d See text.arm domains of pM5/LL5. A 1.55-kb subclone of pK2/M5,
which encompasses the CNV CP and flanking regions,
was used as a template for oligonucleotide-directed in sorbance curve. Similar titrations indicated that CNV
vitro mutagenesis as described by Kunkel et al. (1987). polyclonal antibody binds WT, M5/LL5, M5/LL5S , and M5/
The mutagenic oligonucleotide (mutation shown under- LL5a particles equally.
lined) used to produce LL5S was: 5*GATGATAAGG-
CTGG3* (CNV nucleotides 3144 to 3166) and the one to RESULTS
produce LL5a was: 5*CACCCACAGGCTTGTCCTGG-
Mechanically passaged CNV contains variantsGGCTATC3* (CNV nucleotides 2811 to 2837). Mutants
deficient in fungus transmissionwere screened by sequencing and the plasmid DNA was
digested with BglI/BglII to obtain a 698-bp fragment con- Individual local lesion isolates of CNV (see Materials
taining the mutation. This gel-purified 698-bp fragment and Methods) were amplified in N. clevelandii and in-
was ligated into the similarly digested intermediate vec- fected leaves were used in a fungus transmission assay.
tor pCNVCP [a CNV EcoRI/KpnI subclone in the Leaves were macerated in buffer, mixed with 10 ml of
phagemid Bluescript (Stratagene) encompassing the CP O. bornovanus zoospores, and then poured into soil con-
ORF; McLean et al., 1994] to form LL5S/pCNVCP and taining cucumber seedlings. Six days later, inoculated
LL5a/pCNVCP. Both LL5S/pCNVCP and LL5a/pCNVCP cucumber roots were assayed for the presence of virus
were digested with Bsu36I/NcoI as described above and by bioassay using C. quinoa.
ligated into similarly digested pK2/M5 to form LL5S/M5 Using this assay, leaf extracts of WT CNV invariably
and LL5a/M5. The sequence between the BglI/BglII sites produced over 100 local lesions/leaf on C. quinoa follow-
was confirmed to ensure that no other mutations oc- ing transmission. However, several CNV local lesion iso-
curred as a result of the oligonucleotide-directed muta- lates gave reproducibly less local lesions (less than 10
genesis. per leaf) and therefore transmission of these isolates
appeared to be less efficient. Four of these variants were
Binding assays
further characterized by symptom formation and by ex-
amining leaf extracts for the presence of virus particlesOne hundred micrograms of CsCl-purified wild-type
(WT) CNV, M5/LL5, M5/LL5S , M5/LL5a , or TBSV particles and for the abundance and size of viral RNA species.
Characteristics of these mutants are summarized in Ta-was incubated with 1 1 106 –1 1 107 O. bornovanus
zoospores in 10 ml 50 mM glycine, pH 7.6, for 15 min ble 1. One mutant, LL2, exhibited delayed systemic symp-
toms and did not produce virus particles or coat proteinand then zoospores were pelleted by centrifugation at
2800 g for 7 min. The pellet was washed in 10 ml of 50 as determined by electron microscopy and Western blot
analysis (not shown). Agarose gel electrophoresis of totalmM glycine, pH 7.6, and zoospores were again pelleted.
The zoospore pellet was assayed for virus by ELISA us- leaf RNA extracts (not shown) revealed an apparent full-
length genomic RNA species, suggesting that the lacking CNV- or TBSV-specific polyclonal antisera (McLean
et al., 1994). Each binding experiment included a fungus- of coat protein was due to a minor change in the coat
protein gene. Another mutant, LLA16, also showed de-only and a virus-only control. In addition, each ELISA test
included a virus titration to estimate the amount of virus layed systemic symptoms and contained a genomic RNA
deletion of approximately 1.1 kb. Although not directlyin the pellet. Several dilutions were made so that calibra-
tions could be done in the linear portion of the ab- determined, this deletion is most likely in the CP gene
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contain three nucleotide substitutions (see Fig. 1): a T to
G substitution at CNV nucleotide 2824 changed a Phe
to Cys in the arm (a) region, a G to A substitution at
nucleotide 3156 changed a Glu to Lys in the shell (S)
domain, and a G to T substitution at 3674 in the P domain
coding region was silent. There were no other changes
outside of the CP ORF.
Site-directed mutagenesis was used to introduce the
LL5 arm and S domain mutations individually into WT
CNV cDNA to assess the possible independent roles of
the two mutations in the LL5 low transmissibility pheno-
type. When virus from plants infected with T7 RNA poly-
merase run-off transcripts of these two clones were
tested for transmissibility (Fig. 2) it was found that the
arm domain mutant (designated M5/LL5a) was highly
transmissible but that the shell domain mutant (M5/LL5S)
was transmissible at only a very low level (0–20% of
FIG. 1. Location of mutations in the LL5 CP gene. (A) Structure of WT). We conclude from these studies that the Glu to Lys
the CNV genome showing the locations of the two primers (1 and 2) substitution in the CNV S domain is largely responsible
used to amplify the LL5 CP gene. (B) Structure of the CNV CP gene
for the low transmission phenotype.showing the R, S, and P domains and the connecting arm (a) and hinge
(h). The genomic locations of the three nucleotide substitutions in LL5
The Glu to Lys substitution in the LL5 shell domain isare given along with the amino acid changes they cause.
directly responsible for the loss of transmissibility
Our data have suggested that a specific amino acidsince deletions of this size in other parts of the CNV
change in the LL5 CP is responsible for the reduction ingenome would preclude viral RNA replication or move-
transmissibility of this CNV variant. This mutation mayment (Rochon and Johnston, 1991; Russo et al., 1994).
reduce transmission directly by interfering with zoosporeThe inability of these two mutants to be transmitted is
recognition or binding. Alternatively, the mutation mayconsistent with the role of the CNV CP in transmission
affect transmission indirectly by producing a virus which(McLean et al., 1994). One other mutant, LLA1, showed
is less stable, less capable of initiating an infection, orattenuated symptoms and was found associated with
less capable of accumulating in infected tissue. The fol-defective interfering (DI) RNAs and a corresponding low
lowing describes the results of experiments designed tolevel of viral genomic RNA (not shown). The inefficient
distinguish among these various possibilities.transmission of this mutant was therefore likely due to
the low level of virus in infected leaves. Properties of LL5
were similar to WT CNV except for the reduction in fun-
gus transmission. A detailed description of LL5 transmis-
sibility and other properties is provided below.
A Glu to Lys mutation in the LL5 coat protein S
domain is responsible for reduced fungal
transmission
The CP gene of LL5 was amplified using RT-PCR (see
Fig. 1) and then cloned into our WT CNV cDNA clone in
order to assess its role in the reduced transmissibility of
LL5. T7 RNA polymerase run-off transcripts of one such
clone (designated pM5/LL5) were used to inoculate N.
clevelandii and purified virus obtained from infected
FIG. 2. Summary of fungus transmission assays. Transmission
leaves was used in a fungus transmission assay. Cucum- assays were conducted using 1 or 5 mg of virus plus (/F) or minus
ber roots from the transmission assay were examined for fungus (0F) or fungus alone. Six days after transmission, roots were
ground and assayed for virus using DAS-ELISA and CNV polyclonalthe presence of M5/LL5 virus using DAS-ELISA. Figure 2
antiserum. OD405 values for fungus only controls were subtracted fromshows that levels of M5/LL5 virus were significantly
all values. All values were normalized against WT CNV (arbitrarily as-lower than WT virus in inoculated cucumber roots. This
signed OD405 of 1.0) within each individual experiment (which containedsuggests that the LL5 coat protein contains the alter- 1 or 2 replicates) and the normalized values from five separate experi-
ations which reduce fungus transmissibility. ments were averaged. Bars on the tops of columns represent standard
deviations for each treatment.The M5/LL5 CP gene was sequenced and found to
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was not readily released from viral CP during phenol/
chloroform extraction (see Discussion).
M5/LL5 and M5/LL5S particles are stable and equally
infectious as WT. Mutant and WT particles were also
examined for their relative stabilities and infectivities us-
ing bioassays and several local lesion hosts (Cucumis
sativis, Phaseolus vulgaris, Vigna unguiculata, C. amara-
nticolor, and C. quinoa). Equal particle concentrations of
each virus produced approximately equal numbers of
local lesions over a range of dilutions (data not shown),
indicating that all viruses were equally infectious. For the
stability assay, equivalent amounts of WT CNV, M5/LL5,
M5/LL5S , and M5/LL5a particles were incubated for 0, 1,
3 or 18 hr in transmission buffer (50 mM glycine, pH 7.6)
and infectivity was analyzed using C. quinoa as a local
FIG. 3. Agarose gel electrophoresis of mutant and WT virus. Two mg lesion host. There was no decrease in the number of
of CsCl-purified virus was electrophoresed through a 1% agarose gel
local lesions for any of the virus particle preparationsbuffered in 10 mM Tris/75 mM glycine, pH 8.0, at 9 V/cm for 1.2 hr.
over this time period (data not shown), indicating thatGels were stained with ethidium bromide.
the reduced transmissibility of M5/LL5 and M5/LL5S is
not due to particle instability.
M5 and M5/LL5S particles contain intact RNA but have M5/LL5 and M5/LL5S accumulate to WT levels in in-
altered electrophoretic mobilities on agarose gels. Elec- fected plants. The level of accumulation of genomic RNA
tron microscopy was used to visualize and compare par- in infected N. clevelandii leaves as compared to WT was
ticles produced in WT CNV and mutant virus infections. determined for M5/LL5, M5/LL5a , and M5/LL5S . Total
Differences in morphology or staining characteristics RNA was extracted from single inoculated leaves and
were not apparent (not shown). Particles were also ex- the levels of genomic RNA were assessed by ethidium
amined by agarose gel electrophoresis to assess particle bromide staining of equivalent volumes of total RNA (Fig.
integrity and relative mobility. It can be seen in Fig. 3 5A). There were no major differences in the level of geno-
that particle preparations of WT CNV, M5/LL5, M5/LL5S , mic RNA compared to WT infections, suggesting that
and M5/LL5a are intact but that M5/LL5 and M5/LL5S
migrate slightly slower than either WT or M5/LL5a . The
Glu to Lys substitution in the shell domains of M5/LL5
and M5/LL5S likely contributes to the altered mobility
by increasing the net positive charge of the particle. In
addition, since this mutation is immediately adjacent to
an Asp residue involved in Ca/2 ion-mediated subunit
contacts (Riviere et al., 1989), the mutation may also
lower electrophoretic mobility by producing a particle
with a swollen conformation (see Discussion).
Virus particles with a swollen conformation are known
to be more susceptible to RNase degradation (Roenhorst
et al., 1989; Heaton, 1992). We wished to determine if
particles of M5/LL5 or M5/LL5S contain degraded RNA
since this would explain the loss of fungus transmissibil-
ity. The integrity of viral RNA extracted from WT and
mutant particles was examined by agarose gel electro-
phoresis. Figure 4 shows that approximately equivalent
amounts of largely intact RNA were extracted from WT
and M5/LL5S particles. However, less RNA was extracted FIG. 4. Agarose gel electrophoresis of RNA extracted from mutant
from M5/LL5 and M5/LL5a particles. As will be described and WT virions. Virions were purified from leaves using a ‘‘mini-prep’’
procedure and RNA extracted using phenol/chloroform. Equal concen-below, M5/LL5 and M5/LL5a are as infectious as WT and
trations (200 ng) of RNA were electrophoresed through a nondenaturingM5/LL5S . Therefore, the actual amount of viral RNA in
agarose gel and stained with ethidium bromide. The results of twoparticles should be equivalent. It is possible that the
independent experiments are shown for M5/LL5S and M5/LL5a . Thefluorescing material present in the wells of lanes con- position of genomic RNA is indicated. The arrow points to the fluores-
taining M5/LL5 and M5/LL5a RNA (but absent in WT and cent material present in the wells loaded with M5/LL5 and M5/LL5a
RNA.M5/LL5S wells; Fig. 4) corresponds to virion RNA which
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material was then examined for the presence and level
of virus using DAS-ELISA and either a CNV or TBSV
polyclonal antibody. Using this assay, it was determined
that approximately 15 ng of CNV particles is associated
with the zoospore pellet (Table 2) and that little or no
CNV could be detected when zoospores were omitted
from the assay. Furthermore, TBSV-Ch particles were
only detected at or near background levels. These experi-
ments suggest that CNV specifically associates with zoo-
spores and that the lack of transmissibility of TBSV-Ch
may be due to the inability of TBSV-Ch particles to recog-
nize or bind zoospores. Similar binding experiments were
then conducted using purified preparations of M5/LL5,
M5/LL5S , or M5/LL5a particles. The results of several
repetitions of these binding assays are summarized in
Fig. 6. It can be seen that M5/LL5 and M5/LL5S particles
are present in the zoospore pellet at only approximately
20–60% the level of WT virus, whereas M5/LL5a bound
at 75–110% the efficiency of CNV. These results suggest
that the inefficient transmissions of M5/LL5 and M5/LL5S
are at least partly due to their inability to recognize or
stably bind zoospores.
FIG. 5. Accumulation of viral RNA or virus particles in infected leaves. DISCUSSION
(A) RNA accumulation. Total RNA was extracted from inoculated N.
clevelandii leaves infected with WT, M5/LL5, M5/LL5S , or M5/LL5a and Repeated mechanical passage of plant viruses fre-
equal volumes of RNA were electrophoresed through a nondenaturing
quently results in the loss of vector transmissibility. In1% agarose gel. The position of genomic RNA is indicated. (B) Virus was
some cases, the loss of transmissibility is associatedpurified from leaves infected as above using a ‘‘mini-prep’’ procedure.
Aliquots of each virus preparation (0.2 and 0.5 ml) were electrophoresed with deletions in genomic RNA, presumably in the genes
through a 1% agarose gel and stained with ethidium bromide. specifying transmission (see Campbell, 1996; Gray,
1996). This study demonstrates that mechanically pas-
saged CNV contains variants which have lost the ability
each virus accumulates to approximately equivalent lev- to be transmitted by O. bornovanus. A comprehensive
els during infection. Similar experiments were conducted analysis of the level of such mutants was not undertaken,
comparing the level of virions which could be extracted but 4 of 40 local lesions were carefully analyzed. Two of
from single leaves and no differences in the amounts the four variants (LLA16 and LL2; Table 1) did not pro-
of virus were found (Fig. 5B). Thus a reduced ability to duce viral CP either because the CP gene was deleted
accumulate in infected plants does not account for the
low ELISA values obtained for LL5/M5 and LL5/M5S fol-
lowing transmission. TABLE 2
Binding of CNV to O. bornovanus Zoospores in VitroM5/LL5 and M5/LL5S particles bind zoospores less
efficiently than WT virus /Fungus 0Fungus
We developed a preliminary binding assay to assess Virus DAS-ELISAa ng virusb DAS-ELISA ng virus
if the reduced ability of M5/LL5 and M5/LL5S particles
CNV (a) 0.978 15 (a) 0.055 1to be transmitted by O. bornovanus zoospores is due to
(b) 0.451 15 (b) 0.011 1the inability of virus to bind zoospores or instead to a
TBSV-Ch (a) 0.118 3 (a) 0.084 2defect in another stage of the transmission process. To
(b) 0.025 2 (b) 0.000 1
initially validate these studies, we determined if particles No virus (a) 0.050 1 (a) 0.055 1
of CNV and the nontransmissible TBSV-Ch bind O. borno- (b) 0.012 1 (b) 0.019 1
vanus zoospores differentially. One hundred micrograms
a Values correspond to absorbance at 405 nm. The values in (a)of WT CNV or TBSV-Ch particles were incubated for 15
and (b) correspond to the average values obtained from two separatemin (the acquisition period used in our transmission
experiments. Experiment (a) contained two replicates and experiment
assays) with or without zoospores (1 1 106 per ml) in 10 (b) three replicates.
ml of acquisition buffer. Following incubation, zoospores b Determined by comparing the DAS-ELISA value of the virus in the
zoospore pellet to that of a dilution standard of CNV or TBSV-Ch.were centrifuged and washed two times and any pelleted
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addition, M5/LL5S virion RNA is intact and genomic RNA
accumulates to WT levels (Figs. 3–5). Thus the Glu to
Lys mutation in the CNV CP shell domain appears to
directly affect transmissibility rather than merely indi-
rectly affecting transmission through an effect on some
other aspect of virus infection. In vitro ‘‘binding’’ assays
further support the notion that the Glu to Lys mutation
directly affects transmission. Viral particles containing
this mutation bind O. bornovanus zoospores less effi-
ciently (Fig. 6), suggesting that the decreased transmissi-
bility is due to a decrease in the ability of viral capsids
to recognize or stably bind zoospores (see below). The
binding assays (Fig. 6) indicate that M5/LL5 and M5/
FIG. 6. Summary of in vitro binding assays. Binding assays were LL5S bind at approximately 20–60% the efficiency of WT
conducted using virus plus (/F) or minus fungus (0F). The zoospore particles. These values are slightly higher than thosepellet was resuspended in buffer and the amount of virus present
obtained using the fungus transmission assay (0–20%;determined by DAS-ELISA using either a CNV or TBSV-Ch polyclonal
see Fig. 2). This result may suggest that factors otherantisera. All values were normalized against WT CNV (OD405 of 1.0)
within each individual experiment and the normalized values were aver- than binding contribute to the low transmission pheno-
aged across experiments. Buffer controls were subtracted from virus- type.
only samples while fungus-only controls were subtracted from the virus Although a single amino acid change in the CNV CPplus fungus samples. WT CNV corresponds to seven independent ex-
which affects transmission has been identified, otherperiments, TBSV to five experiments, and M5/LL5, M5/LL5S, and M5/
changes elsewhere in the CP would also be expectedLL5a to two experiments. All experiments contained at least two repli-
cates. to have an effect. The Glu to Lys change in LL5 occurs
in the ‘‘EF’’ loop of the viral capsid shell domain. This loop
is involved in subunit interactions and is also partially
or because the CP was not expressed. Another variant exposed on the surface of the shell (Harrison, 1983).
(LLA1) contained DI RNAs with a corresponding de- Exposed regions of the potyvirus capsid and luteovirus
creased level of genomic RNA and thus the leaf extract capsid have previously been shown to be involved in
used as inoculum was likely deficient in virus particles. transmission (see Pirone and Blanc, 1996; Gray, 1996).
Alternatively, it is possible that LLA1 transmits well but LL5 and M5/LL5 particles migrate slightly slower than
that DI RNA interfered with virus accumulation in roots. WT particles in agarose gels (Fig. 3). The Glu to Lys
However, previous studies have shown that DI RNAs are substitution would increase the net positive charge of
packaged inefficiently, if at all, in CNV capsids (Rochon the particle and therefore slow its migration. Intersubunit
et al., 1994). Isolates from several other local lesions contacts in many small spherical plant viruses are stabi-
were also poorly transmitted. Most of these mutants ap- lized by Ca/2 ions (Harrison, 1983; Heaton and Morris,
peared to either be CP deletion mutants or contain DI 1992). When these ions are sequestered with EDTA the
RNAs. Individual CNV deletion mutants lacking the CP particle takes on a swollen conformation and this results
gene do not become dominant in mechanically passaged in lowered electrophoretic mobility in agarose gels (Hea-
inoculum (data not shown). This is despite the fact that ton, 1992). The Glu to Lys substitution in LL5 occurs
the CNV CP is not required for virus accumulation or immediately adjacent to an Asp residue which is involved
spread (McLean et al., 1993; Sit et al., 1995). The pres- in Ca/2 ion-mediated subunit contacts. Thus, it is possi-
ence of the CP gene must therefore provide some selec- ble that the lowered mobilities of LL5 and M5/LL5S might
tive advantage over that of coat proteinless mutants. be partially attributed to their more swollen states.
The current study emphasizes that transmissibility can We show that M5/LL5S virion RNA is largely intact and
be affected by several different genetic traits, including present at normal WT levels and therefore the reduced
loss of the coat protein gene (LLA16) or its product (LL2), transmissibility of these particles is not due to degrada-
an alteration in capsid sequence or structure (LL5), or tion or loss of the infectious component. Interestingly,
reduced ability to replicate or accumulate (LLA1). In this the yield of M5/LL5 and M5/LL5a virion RNA is signifi-
study, we focused on mutations which directly affect the cantly lower than that of WT or M5/LL5S (Fig. 4). Figure
ability of CNV to be transmitted, such as those that affect 4 shows that a large amount of fluorescing material is
binding to the vector. present in the wells of lanes containing M5/LL5a RNA
We have demonstrated that the Glu to Lys substitution (and to a lesser extent M5/LL5). It is possible that the
in the LL5 CP gene is largely responsible for the reduc- material in the wells corresponds to viral CP/RNA aggre-
tion in fungus transmissibility of this CNV variant. M5/ gates. If so, it would appear that the LL5 arm mutation
LL5S particles are stable, highly infectious, and accumu- (Phe to Cys) is responsible for this unusual phenomenon.
We have developed a preliminary in vitro binding assaylate to WT levels in mechanically inoculated plants. In
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Reutenauer, A., Herrbach, E., Garaud, J.-C., Guilley, H., Richards, K.,to assess the role of binding in the specificity of CNV
and Jonard, G. (1995). Aphid transmission of beet western yellowstransmission and to further assess the direct role of viral
luteovirus requires the minor capsid read-through protein P74. EMBO
CP in fungus transmission. Our assays (Table 2 and Fig. J. 14, 650–659.
6) show that binding is specific (i.e., CNV binds but the Campbell, R. N., Lecoq, H., Wipf-Scheibel, C., Sim, S. T. (1991). Trans-
nontransmissible TBSV-Ch binds at only a very low level) mission of cucumber leafspot virus by Olpidium radicale. J. Gen.
Virol. 72, 3115–3119.and that M5/LL5 and M5/LL5S particles bind less effi-
Campbell, R. N., and Sim, S. T. (1994). Host specificity and nomencla-ciently than WT CNV. These data suggest that the speci-
ture of Olpidium bornovanus (Olpidium radicale) and comparisonsficity of transmission lies at the level of O. bornovanus
to Olpidium brassicae. Can. J. Bot. 72, 1136–1143.
zoospore recognition or binding. Similar observations Campbell, R. N., Sim, S. T., and Lecoq, H. (1995). Virus transmission by
and conclusions were previously made by Temmink et host-specific strains of Olpidium bornovanus and Olpidium brassi-
cae. Eur. J. Plant Pathol. 101, 273–282.al. (1970) for tobacco necrosis virus and its vector O.
Campbell, R. N. (1996). Fungal transmission of plant viruses. Annu. Rev.brassicae and also for CNV and O. bornovanus using
Phytopathol. 34, 87–108.electron microscopy of virus/zoospore interactions.
Chay, C. A., Gunasinge, U. B., Dinesh-Kumar, S. P., Miller. W. A., andThese binding data raise the intriguing possibility that Gray, S. M. (1996). Aphid transmission and systemic plant infection
the interaction between particles and zoospores is medi- determinants of barley yellow dwarf luteovirus-PAV are contained in
ated by a specific receptor on the zoospore plas- the coat protein readthrough domain and 17-kDa protein, respec-
tively. Virology 219, 57–65.malemma, perhaps similar in some respects to virus/
Dessens, J. T., and Meyer, M. (1995). Characterization of fungally andreceptor interactions in animal systems (Haywood, 1994).
mechanically transmitted isolates of barley mild mosaic virus: TwoThe possible involvement of specific receptors in plant
strains in competition. Virology 212, 383–391.
virus transmission has been previously suggested for Dias, H. F. (1970). Transmission of cucumber necrosis virus by Olpidium
barley yellow dwarf luteovirus (Gildow, 1993). In addition, cucurbitacearum Barr and Dias. Virology 40, 828–839.
Gal-on, A., Antignus, Y., Rosner, A., and Raccah, B. (1992). A zucchiniit has been suggested that differences in surface charge
yellow mosaic virus coat protein gene mutation restores aphid trans-of vector and nonvector isolates of O. brassicae may
missibility but has no effect on multiplication. J. Gen. Virol. 73, 2183–be responsible for the differential transmission of TNV,
2187.
perhaps by influencing bonding between zoospores and Gildow, F. E. (1993). Evidence of receptor-mediated endocytosis regu-
virus (Mowat, 1968). It is possible that the Glu to Lys lating luteovirus acquisition by aphids. Phytopathology 83, 270–277.
alteration in the LL5 CP shell domain affects the ability Gray, S. M. (1996). Plant virus proteins involved in natural vector trans-
mission. Trends Microbiol. 4, 259–264.of virus to stably interact with a putative receptor, per-
Harrison, S. C. (1983). Virus structure: High resolution perspectives.haps by altering specific ionic interactions with a compo-
Adv. Virus Res. 28, 175–240.nent of the zoospore membrane. Alternatively, or addi-
Haywood, A. M. (1994). Virus Receptors: Binding, adhesion strengthen-
tionally, a conformational change in the virus particle ing and changes in viral structure. J. Virol. 68, 1–5.
which is a result of altered subunit interactions may pre- Heaton, L. A. ( 1992). Use of agarose gel electrophoresis to monitor
clude efficient virus binding. conformational changes of some small, spherical plant viruses. Phy-
topathology 82, 803–807.
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